ABSTRACT. Precise control of the shape and position of doublenull divertor configurations in the TCV tokamak has been used to trigger reliably the transition from ELM-free to ELMy ohmic H mode and back. Preprogrammed modulation of the magnetic axis height (*1.25 cm), with fixed shaping field, caused the plasma to evolve, during a single discharge, between double-null-upper, double-null and double-null-lower configurations, with the secondary X point remaining close to the separatrix. The transition from ELM-free to ELMy and back again was observed to be synchronous with the configuration modifications. Using this method, several ELM-free and ELMy phases enabled reproducible disruption-free H mode discharges in TCV lasting up to 1.5 s. A novel method of plasma density control (which depends on ELM control) was demonstrated during a long duration double-null H mode by coupling the density error signal into the vertical position controller, rather than to the gas inlet valve.
INTRODUCTION
Active control of edge localized modes (ELMs) will enhance the prospects for using the H mode [I] in future fusion devices. In an ELM-free H mode discharge, the plasma density generally rises uncontrollably, often accompanied by impurity accumulation. ELMs may allow steady state operation at constant plasma density and impurity levels through controlled energy and particle losses. The optimum ELM frequency is a compromise between the desired plasma density, impurity control and the degradation in confinement due to the ELMs. Previously reported methods of influencing the ELM frequency include varying the separatrix to limiter separation in ASDEX . A characteristic of ELMs is a sudden vertical and radial displacement of the plasma. The vertical displacement is generally more severe in asymmetric single-null configurations, in which these excursions are strongly coupled, than in symmetric double-null configurations, and may lead to loss of vertical position control [7] .
Several magnetic configurations are referred to in this paper. A single-null divertor configuration in which there is only one X point on the separatrix is referred to as an SND-U or SND-L configuration, with the former applying to a configuration in which this X point is above the magnetic axis. In a perfectly balanced double-null divertor (DND) configuration, both X points lie on the separatrix. Since, in practice, this is rarely the case, the DND-U and DND-L configurations are introduced by analogy with the SND-U and SND-L configurations. In what follows, when discussing unbalanced DND configurations, the primary and secondary X points are defined as those lying, respectively, on and outside the separatrix. The degree of imbalance in a DND configuration is indicated by the difference in poloidal flux between the two X points, normalized to the flux on axis. The imbalance can also be characterized by the distance, DRsep, measured at the outer midplane, between flux surfaces passing through the lower and upper X points [8] . For the discharges described here, an X point flux difference of -7% corresponds to a DR,, of 1 cm, which is the approximate scrape-off layer (SOL) thickness for particle flux (AJs,) obtained from a mapping of Langmuir probe measurements at the lower divertor target tiles to the outer midplane. The notations DND-U and DND-L are restricted to those configurations in which the secondary X point lies within one SOL thickness of the separatrix, namely those cases (Figs 2 to 4) in which DR,, 5 1 cm.
In all TCV discharges to date, the direction of the ion V B drift was towards the top of the vessel so that the SND-U and DND-U configurations correspond to a favourable
In what follows, a method of ELM control in the DND configuration is described that allows the plasma density to be controlled during the H mode.
OHMIC H MODE IN TCV
This section provides an overview of the ohmic H mode in TCV, which has been previously described elsewhere The TCV vacuum vessel was boronized by means of an RJ? glow discharge in a standard 10% diborane / 90% helium mixture, with the vessel heated to 150°C. Prior to the first boronization (May 1994), there was some evidence of an ohmic H mode transition in an SND configuration, but no sustained H mode was observed. Following boronization and a glow discharge in helium, a clear ohmic H mode was observed in SND-U deuterium discharges, an example of which is shown in Fig: 1 . Ohmic H modes are now regularly obtained with deuterium working gas, in both SND-U discharges and discharges limited on the inner wall. A clear density threshold was observed for the H mode transition, and a plasma current scan in the SND-U configuration demonstrated that this transition was accessible with relatively low ohmic input power [9] . The H mode was not obtained in the SND-L configuration, even with 30% more ohmic power than that required for the corresponding SND-U transition, with similar density evolution and impurity behaviour prior to transition [9] . This is in agreement with observations on DIII-D 
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(SND-L in TCV). Although these tokamaks used auxiliary heating, the power threshold for the H mode transition appears to be independent of the heating method [2]. The typical SND-U discharge shown in Fig. 1 demonstrates most of the features of the ohmic H mode in TCV. The plasma current is shown together with the D, emission, soft X ray flux and plasma density all integrated along vertical chords which pass through the plasma core. The density feedback reference waveform is also shown. Following the establishment of the complete magnetic configuration at 250 ms, the H mode transition occurs at the density threshold after a brief dithering period. There is an initial ELM-free period, a short period of 'grassy' ELMS followed by several large ELMS and a final period of grassy ELMs. The plasma density rises strongly in the ELM-free period, but less strongly during the grassy ELMs, whereas the large ELMS result in a momentary plasma density drop. The grassy ELMS sometimes appear during a reduction in the gas feed, which in Fig. 1 occurs -as the plasma density increases above the preprogrammed value. The discharge terminates in a high density disruption resulting from the density increase in ELM-free H mode. There is no evidence from the magnetics or D, traces that the disruption was preceded by a transition to L mode. In TCV, there is a large dispersion in the duration of the ELM-free and ELMy phases between discharges, depending on the wall conditioning, the gas puff programming and probably other parameters. ELMy periods of up to 1.3 s and ELM-free periods of up to 0.4 s have been recorded in which the density disruption occurred at the Greenwald limit. For comparison with the later figures, Fig. 1 also shows the reference signal used to control the plasma vertical position, which is constant during the plasma current flat-top.
As indicated above, the presence of spontaneous large ELMS in TCV was unpredictable. Although they are observed to be more probable after a fresh boronization and/or a glow discharge in helium, they could disappear 
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and reappear without any obvious reason. A DND configuration, in which either X point can be moved away from the separatrix during the same discharge, was investigated to see how the occurrence of the ELMs was affected.
ELM CONTROL EXPERIMENTS
During the initial experiments with ohmic DND H modes (Fig. 2) , the discharge frequently switched abruptly from an initial ELMy phase to a quiescent ELM-free phase that subsequently terminated in a high density disruption. The insets in Fig. 2 show two equilibrium reconstructions from this discharge during the ELMy and ELM-free periods, indicating that the magnetic configuration evolved from DND-L (t < 0.6 s) to DND-U (t > 0.8 s). In this discharge, the change in configuration was produced by a small variation of the stray field from the ohmic solenoid. To indicate the proximity of the secondary X point to the separatrix, Fig. 2 also shows the difference in poloidal flux between the X points as a percentage of the flux between the axis and the separatrix. The transition from ELMy to ELMfree is seen to occur as the lower X point moves away from the separatrix. The importance of the radial and vertical positions for H modes had already been observed in ASDEX, where small radial or vertical shifts were sufficient to decide between ELMy and ELM-free H modes
[17], although, in these experiments, the DND-U and DND-L configurations were produced in separate discharges.
If, in the DND configuration, the presence of ELMs is correlated to the presence of a DND-U or DND-L configuration, switching between these configurations would provide an ELM control mechanism. Switching between DND-U and DND-L can be achieved by modulating only the Zp*z reference signal. Figure 3 shows the result of such an experiment with a vertical shift of f1.25 cm. The most striking feature of Fig. 3 is the synchronization of the ELM-free and ELMy phases with the imposed modulation. The magnetic configurations corresponding to upper and lower displacements (insets in the figure) indicate that the ELMy phase corresponds to a DND-L configuration and the ELM-free phase to a DND-U configuration. The flux difference between the X points follows the vertical position reference signal quite faithfully, but shows considerable perturbation during the ELMy phases. The plasma density remains bounded throughout the 1.5 s H-mode, rising during the ELM-free phases and decreasing in the ELMy phases. It is important to note that during this experiment the density reference signal, shown in the figure, caused the gas valve to open slightly when the density was too low. The soft X ray intensity during the ELM-free phase rose faster than could be accounted for by a change in the plasma temperature and the increase in plasma density, implying an increase in impurity concentration. The decrease in the soft X ray emission during the ELMy phases is consistent with a loss of the accumulated impurities. The ELMS are seen to stabilize the average impurity concentration, albeit at a level above that obtained during the L mode.
During some of the ELMy phases, a short transition into L mode was observed, signalled by a rise in the intensity of the D, emission and an increase in the Mirnov and broadband MHD activity to their pre-H-mode levels. A strong sawtooth crash was often sufficient to cause a momentary transition into H mode returning to L mode with the D, and MHD signature of an ELM [17]. Although several of these H-L-H transitions were observed during some of the ELMy phases, switching to the DND-U configuration resulted in a new ELM-free period. The ability of this DND-L configuration to change between H mode and L mode, with no adverse effect on the discharge, implies that, at least with the plasma current and wall conditioning of this discharge, this ELMy DND-L configuration is close to an L mode. This contrasts with the SND-U configuration in which a transition from H mode to L mode was generally permanent.
A series of discharges of the type shown in Fig. 3 all exhibited the same density behaviour, showing the DND configuration toggling to be a reliable method of creating long reproducible H mode discharges. Since the plasma appears to prefer to go into an initial ELM-free period, the toggle phase in Fig. 3 was chosen to give an initial DND-U configuration. When this phase was reversed, the discharge often went into an ELM-free period despite the DND-L configuration. Following this period, the configuration toggle was often accompanied by a single ELM and a further ELM-free period after which the ELMy and ELM-free periods were as described above. The ability of the plasma in the DND-L configuration to go straight into an ELM-free or ELMy H mode and the observation of the benign H-L-H transitions imply that, in this configuration, the discharges are close to both the ELM-free and the ELMy thresholds.
Configuration toggling has subsequently been applied to a different DND H mode configuration centred vertically in the vessel, with lower plasma current, lower elongation and a greater distance from the separatrix to the vessel wall than the configuration shown in Figs 3 and 4 . Despite all these differences, the configuration toggling displayed the same essential characteristics, showing that this technique is not specific to a particular plasma configuration. This second configuration also suggests that the outer toroidal belt limiter does not play a significant role in any of these experiments.
The duty cycle and the phase of the X point toggling were modified and this varied the plasma density evolution within the limits imposed by the machine conditioning.
FEEDBACK CONTROL OF DENSITY USING ELMS
As has been described in the previous section, modulating the magnetic axis height in a DND configuration influences the presence of ELMS and thus the evolution of the plasma density during H mode. This can be used to operate a feedback loop to control the H mode plasma density. Figure 4 illustrates this feedback. During the period indicated by the vertical lines in Fig. 4 , the gas inlet valve remained fixed partially open and the vertical position reference was held constant. The fixed gas valve setting was chosen to be equal to the average value required during the plateau of the discharge shown in Fig. 3 . The difference between the measured and preprogrammed line integrated densities (An) no longer acted on the gas valve, but was directly coupled to the Zp*z control. The feedback coefficient was chosen to give approximately the same switching frequency as that in Fig. 3 . Although this direct feedback considerably reduces the density excursions from the reference signal during the H mode, compared with Fig. 3 , there is still a clear toggle between the DND-U and DND-L configurations. A distinct ELMy phase was required to reverse the density rise associated with the ELM-free phase. The X point flux difference Fig. 4 is of particular interest. The transitions from ELM-free to ELMy and from ELMy to ELM-free both occurred at reproducible, but different, values of the flux difference. In addition, the transitions do not occur at the nominal DND symmetric position. This behaviour is also seen in Fig. 3 where the flux differences at the transitions are larger, probably due to the larger amplitude of the preprogrammed Zp*z perturbation. This hysteresis, together with the abruptness of the ELMy-ELM-free phase change, implies that in this DND configuration the ELM activity is bistable.
Since these experiments were performed without auxiliary heating, the persistence of the ELMy H mode in the DND-L configuration with increased heating remains an open question.
CONCLUSION
Toggling between DND-U and DND-L configurations, during the same discharge, has been demonstrated to be a viable method of controlling the presence of ELMS in the ohmically heated TCV H mode. The ELMy phase in this configuration has a lower particle confinement time than the ELM-free phase and can thereby be used to control the plasma density rise and the impurity accumulation associated with an ELM-free H mode discharge. Feedback control of the plasma density, with a fixed gas valve opening, has been achieved by using the density error signal to act directly on the Zp* z control, thus producing repetitive switching between ELM-free and ELMy phases.
